The covalent functionalisation of type I atelocollagen with either 4-vinylbenzyl or methacrylamide residues is presented as a simple synthetic strategy to achieve customisable, cell-friendly UV-cured hydrogel networks with widespread clinical applicability. Molecular parameters, i.e. the type of monomer, degree of atelocollagen functionalisation and UV-curing solution, have been systematically varied and their effect on gelation kinetics, swelling behaviour, elastic properties and enzymatic degradability investigated. UV-cured hydrogel networks deriving from atelocollagen precursors functionalised with equivalent molar content of 4-vinylbenzyl (F4VBC= 18±1 mol.%) and methacrylamide (FMA= 19±2 mol.%) adducts proved to display remarkably-different swelling ratio (SR= 1963±58-5202±401 wt.%), storage modulus (G'= 17±3-390±99 Pa) and collagenase resistance (µrel= 18±5-56±5 wt.%), similarly to the case of UV-cured hydrogel networks obtained with the same type of methacrylamide adduct, but varied degree of functionalisation (FMA= 19±2-88±1 mol.%). UV-induced network formation of 4VBC-functionalised atelocollagen molecules yielded hydrogels with increased stiffness and enzymatic stability, attributed to the molecular rigidity of resulting aromatised crosslinking segment, whilst no toxic response was observed with osteosarcoma G292 cells.
Introduction
As a simple mimetic of the extracellular matrix (ECM) of biological tissues hydrogels have been widely applied in the biomedical field [1] , for applications including regenerative medicine [2] , wound care [3] and controlled drug delivery [4] . The high swelling in aqueous medium makes hydrogels inherently soft, so that molecular manipulation of their constituent building blocks [5] is key to enable customised -properties and functions for personalised medicine.
At the molecular scale, hydrogels typically consist of hydrophilic polymer networks, crosslinked via either physical or covalent linkages, whilst short amino acidic sequences have also been proven to generate water-swollen supramolecular structures [6] . Although various synthetic polymers have been employed [7, 8, 9, 10, 11, 12, 13] , a great deal of attention has recently been paid to the use of natural, ECM-extracted, biopolymers as building blocks of multifunctional hydrogels [ 14 , 15 ] . The selection of biopolymer-based building blocks is attractive since it ensures that the resulting material has biomimetic features from the molecular up to the macroscopic scale, due to the presence of cell-binding sequences, fibreforming biopolymer capability (with resulting fibre dimensions comparable to the ones found in the ECM) [16] , and the water-swollen macroscopic state, respectively. In comparison to synthetic polymers, however, ensuring customisation and reliable structure-property relationships in biopolymer-based systems is highly challenging, due to the inherent batch-tobatch variability and the hardly-controllable secondary interactions between biopolymer chains [17, 18] . Leveraging the knowledge gained with classic polymers, the synthesis of covalentlycrosslinked hydrogel networks made of linear biopolymers, e.g. hyaluronic acid [19] , has been successful aiming to achieve defined structure-property relationships [20] . Other than linear biopolymers, such a level of customisation is still hardly realised when employing biopolymers with increased organisational complexity such as collagen, because of the inherently-limited chemical accessibility and solubility. Customisation of these building blocks would on the other hand enable the formation of systems with superior biofunctionality and widespread clinical applicability. Type I collagen is one the most abundant structural proteins of connective tissues, and it constitutes the main organic component of bone, skin and tendon [21] . As the most abundant collagen in humans, type I collagen-based hydrogels have been widely employed for therapeutics and diagnostics, with multiple commercial products being routinely used in the clinic [22] . Other than its hierarchical, water-insoluble organisation found in biological tissues, collagen ex vivo is predominantly extracted in the form of a water-soluble triple helix, due to the extraction-induced breakdown of covalent crosslinks of collagen found in vivo. To enable applicability of the extracted water-soluble product in physiological conditions, restoration of in vivo-like covalent crosslinks ex vivo is a promising strategy.
Reaction of side chain terminations with bifunctional segments, e.g. diisocyanates [23, 24] , diacids [25, 26] , and dialdehydes [27, 28] , or carbodiimide-induced intramolecular crosslinking [29, 30] proved to induce some adjustment in the mechanical properties of resulting collagen materials. At the same time, the use of toxic reagents and the relatively-long reaction time prevent the application of these synthetic strategies for the delivery of cell-friendly, in-situ forming hydrogels [31] or to achieve material customisation at the bed side. Another challenge associated with above-mentioned strategies is that the enzymatic degradability of resulting collagen materials is still relatively quick, so that the requirements of specific clinical application, e.g. in guided bone regeneration, cannot be entirely fulfilled [32] . Ultimately, above-mentioned crosslinking strategies are often associated with unwanted side reactions, so that defined structure-property relationships are hardly-developed [20, 23, 27] .
Rather than one-step crosslinking reactions, photoinduced network formations mechanisms have been recently investigated for the development of in situ-forming, cell-encapsulating collagen hydrogels [ 33 ] . Derivatisation of collagen triple helices with photoactive, e.g. methacrylamide, groups has been widely demonstrated to rapidly generate covalent networks via photoinduced free radical crosslinking [34] and UV-induced thiol-ene [35] click reactions. Although resulting systems proved to display varied storage modulus [34, 36 ] , collagen hydrogel customisation often relies on the incorporation of a synthetic copolymer, e.g. polyethylene glycol (PEG), in the crosslinked network. Whist this approach affords wide tailoring in macroscopic properties, incorporation of the synthetic phase may affect the biofunctionality of resulting system. In an effort to expand the customisability of collagen hydrogels and avoid the use of copolymers, functionalisation of collagen with 4-vinylbenzyl residues has recently been reported. UV-cured 4VBC-functionalised collagen triple helices proved to display significantly increased compression properties with respect to methacrylated variants [37] , whereby the introduction of 4VBC aromatic rings was found to impact on the activity of matrix metalloproteinases (MMPs) in vitro [38, 39] . Although insightful, these studies did not systematically investigate the effect of the type of monomer and respective degree of functionalisation on the macroscopic properties of resulting hydrogels, This study therefore is focused on the synthesis of photoactive atelocollagen precursors and consequent UV-cured networks, whereby the effects of the (i) type of monomer, (ii) the degree of atelocollagen functionalisation, and (iii) the UV-curing aqueous solution were addressed. Pepsin-solubilised type I telopeptide-free collagen, i.e. atelocollagen, was selected as a purified, minimally-antigenic building block with comparable chemical composition and dichroic properties with respect to acid-extracted type I collagen [38, 40] . Firstly, photoactive atelocollagen precursors with comparable molar content, but different type of photoactive adduct, i.e. either 4-vinylbenzyl or methacrylamide adduct, were considered. Secondly, photoactive atelocollagen precursors with varied molar content of the same type of photoactive, i.e. methacrylamide, adduct were addressed. Ultimately, the aqueous solution employed for the solubilisation of functionalised atelocollagen, i.e. hydrochloric acid, acetic acid and phosphate buffered saline solution, was also varied during network formation to investigate the effect of environmental conditions on resulting hydrogels. Hydrogel networks were prepared via UV-induced free radical crosslinking of photoactive atelocollagen precursors in the presence of 2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone (I2959), which was used as a water-soluble, cell-friendly photoinitiator [35] .
Resulting UV-cured hydrogel networks were characterised with regards to their gelation kinetics, swelling and compression properties, enzymatic degradability, and cytotoxicity, aiming to establish defined structure-property relationships and systematic material customisation
Materials and methods

Materials
Pepsin-extracted type I bovine atelocollagen (AC, 6 mg·mL Ninhydrin 99% was supplied by Alfa-Aesar (Massachusetts, USA). Polysorbate 20, absolute ethanol and diethyl ether were purchased from VWR internationals. All other chemicals were purchased from Sigma-Aldrich unless specified.
Synthesis of photoactive precursors
To achieve the MA-functionalised products, AC solutions (6 mg·mL -1 in 10 mM HCl) were diluted to a concentration of 3 mg·mL -1 via addition of 10 mM HCl and equilibrated to pH 7.5.
MA and TEA were added at varied molar ratios with respect to the molar lysine content in AC 
Characterisation of reacted AC products
TNBS assay (n=3) was used to measure the derivatisation of amino to vinyl groups and respective degree of AC functionalisation, as previously reported [38] [39] . Briefly, 11 mg of dry samples was mixed with 1 mL of 4 wt.% NaHCO3 and 1 mL of 0.5 wt.% TNBS solution. The mixture was reacted at 40˚C for 4 hours, following by addition 3 mL of 6 N HCl for one more hour to induce complete sample dissolution. The solution was then cooled down to room temperature, diluted with 5 mL of distilled water, and extracted (×3) with 15 mL diethyl ether to remove any non-reacted TNBS species. An aliquot of 5 mL was collected and diluted in 15 mL of distilled water and the reading was recorded using an UV-Vis spectrophotometer (Model 6305, Jenway) against the blank. The molar content of primary free amino groups (largely attributed to the side chains of lysine) was calculated via Equation 1: following dissolution of 5 mg of dry sample in 1 mL of 10 mM deuterium chloride.
Synthesis of UV-cured AC networks
Either MA-or 4VBC-functionalised AC products were dissolved at a fixed concentration of followed by dehydration via an ascending series of ethanol and air drying.
Quantification of swelling ratio and gel content
Dry UV-cured samples (n=4) of known mass (md) were individually incubated in PBS (10 mM, pH 7.5, 1.5 mL) at room temperature for 24 hours. The swelling ratio (SR) was calculated by Equation 3:
where ms is the mass of the PBS-equilibrated UV-cured sample.
The gel content (n=4) was measured to investigate the overall portion of the covalent hydrogel network insoluble in 17.4 mM acetic acid solution [39] . Dry collagen networks (md: 10 mg -20 mg) were individually incubated in 2 mL of 17.4 mM AcOH for 24 hours. Resulting samples were further air dried and weighed. The gel content (G) was calculated by Equation 4:
where m1 is the dry mass of collected samples.
Compression test
PBS-equilibrated hydrogel discs (Ø: 14 mm; h: 5-6 mm, n=3) were compressed at room temperature with a compression rate of 3 mm·min -1 (Instron ElectroPuls E3000). A 250 N load cell was operated up to complete sample compression. Stress-compression curves were recorded and the compression modulus quantified as the slope of the plot linear region at 25-30% strain.
Degradation tests
Dry samples (n=4) of either UV-cured AC network or native AC were incubated for 4 days 
where m4 and md are the masses of the dry partially-degraded and dry freshly-synthesised samples, respectively.
UV-curing rheological measurements
The UV-induced kinetics of network formation (n=3) ) were seeded on top of the sample (following UV disinfection) and incubated at 37 ºC for up to 7 days. After incubation, samples (n = 6) were washed with PBS (×3) and transferred to a new 24-well plate before adding the dying agent of Calcein AM and Ethidium homodimer-1. The sample plate was then incubated for 20 minutes away from light. Live /dead stained hydrogels were placed onto a glass slide for fluorescence microscopy imaging (Leica DMI6000 B).Cells grown on tissue culture treated plastics were used as positive control (Nunc, UK). Other than live/dead staining, cell viability was assessed at selected time points using Alamar Blue assay (ThermoFisher Scientific, UK) according to the manufacturer's guidance.
VP-SEM (Hitachi S-3400N VP) combined with Deben cool stage control (Model: LT3299) was also employed for high resolution imaging of cell attachment on hydrated samples after 7-day incubation under low pressure (60-70 Pa).
Statistical analysis
Data are presented as mean ± standard deviation (SD). Statistical analysis was carried out with the Student's t-test. A p value lower than 0.05 was considered to be significantly different.
Results and discussion
In the following, the synthesis and characterisation of UV-cured hydrogel networks made of either 4-vinylbenzylated or methacrylated atelocollagen is presented. The effects of covalently-coupled monomer, degree of atelocollagen functionalisation and UV-curing aqueous solution was investigated, aiming to draw controlled structure-property relationships.
The synthesis of the covalent networks was linked to the degree of functionalisation of respective photoactive AC solutions, whilst respective UV-induced gelation kinetics was assessed in either acidic or basic conditions. Resulting UV-cured networks were characterised with regards to rheological properties, gel content, swelling ratio, compression modulus, enzymatic degradability and cellular tolerability. 
Synthesis of functionalised AC precursors
Following reaction with either 4VBC or MA, the degree of functionalisation (F) consequent to the covalent coupling of photoactive adducts on to the AC backbone was determined. Since network formation was pursed via UV-induced free radical crosslinking mechanism, the introduction of photoactive adducts was expected to be directly related to the crosslink density and macroscopic properties of respective AC networks. The reaction of AC with selected monomers proceeds via lysine-initiated nucleophilic substitution ( Figure S1 , Supp. Inf.), leading to the consumption of free amino groups and derivatisation with either 4-vinylbenzyl or methacrylamide adducts. TNBS [41] and ninhydrin [42] assays are two colorimetric assays widely employed for the determination of amino groups in proteins. Both assays have recently been employed for the characterisation of reacted gelatin [43, 44] and acid-solubilised collagen [36, 37, 38, 39] products, proving to correlate well with 1 H-NMR spectroscopy. Both TNBS and ninhydrin assays were therefore selected in this study to measure the molar content of free amino groups in both native and reacted pepsin-solubilised AC samples, so that F could be indirectly quantified.
An overall content of primary amino groups of 2.89·10 -4 mol·g -1 was recorded on native atelocollagen via TNBS assay. Both colorimetric methods revealed a comparable and decreased molar content of amino groups in both MA-and 4VBC-reacted atelocollagen samples (Table 1) , in line with previous reports [38, 45] ; whilst monomer-related geminal protons could not be clearly detected in observed in MA-with respect to 4VBC-reacted samples is attributed to the decreased reactivity and solubility of 4VBC in aqueous environment, as reported in previous publications [37] , which was partially mitigated in this study by the addition of PS-20 in the reacting mixture.
Despite the different reactivity of MA with respect to 4VBC, the range of F observed in resulting MA-functionalised AC is in line with the results reported in previous publications [33, 34, 36] with collagen-based materials. [33] . Compared to the latter case, the results presented in this work with pepsin-soluble collagen suggest that the removal of telopeptides does not significantly impact on the molar content of free amino groups and functionalisation capability of resulting atelocollagen product, in line with a previous report [38] .
In order to systematically investigate how above-mentioned differences at the molecular scale of AC precursors were reflected on the macroscale of resulting UV-cured networks, it was therefore of interest to systematically vary either the type of covalently-coupled monomer (whilst keeping respective degree of AC functionalisation constant) or the degree of functionalisation (with the same type of covalently-coupled monomer). Accordingly, samples MA0.3 (FMA = 19 ± 2 mol.%), 4VBC25 (F4VBC = 18 ± 1 mol.%), and MA25 (FMA= 88 ± 1 mol.%) were selected for further investigations, and dissolved in either hydrochloric acid, acetic acid or PBS, as commonly-used solvent for collagen, prior to UV curing.
UV-induced network formation and time-sweep photorheometry
AC samples functionalised with methacrylamide residues (Figure 1 A) formed a clear solution in both acidic and PBS solutions, whilst sample 4VBC25 (Figure 1 B) could only be dissolved in 10 mM HCl (pH 2.1) and 17.4 mM AcOH (pH 3.4). The insolubility of the 4VBC-functionalised AC product in PBS agrees with previous reports [ 46 ] and may be attributed to secondary interactions developed between aromatic 4-vinylbenzyl residues following atelocollagen functionalisation and sample drying. Aromatic rings can mediate - stacking interactions as well as act as hydrogen bond acceptor in aqueous environment [47] .
Resulting - stacking interactions developed between 4VBC-functionalised AC molecules are likely to be broken down at decreased rather than basic pH, supporting the observed complete dissolution of sample 4VBC25 in both HCl and AcOH solutions. All photoactive solutions successfully yielded hydrogel networks when treated with UV light, irrespective of the type of monomer introduced on to AC (Figure 1 C-D) . To confirm the formation of a UV-cured hydrogel network and to explore the effect of methacrylamide and 4-vinlybenzyl residues on gelation kinetics, time sweep photorheometry was carried out prior to and during UV irradiation of AC photoactive solutions, and changes in viscosity as well as storage (G') and loss (G'') modulus recorded. Prompt increase of G' and G'' was observed following activation of the atelocollagen mixtures with UV light, in contrast to the case of the same sample being tested in the absence of UV light (Figure 2) . Comparable values of G' and G'' were also measured in the latter case, providing indirect evidence of the absence of a crosslinked network at the molecular level (Table 2 ). Both the gelation, i.e. the time required for the storage and loss moduli to equate, and plateau in storage modulus were reached within 12 s and 180 s, respectively ( Table 2 ). The photoinitiator concentration (1 wt.%) selected to prepare gel-forming AC solutions proved key to reduce gelation time and to generate hydrogels with increased elastic modulus with respect to gel-forming AC solutions supplemented with decreased photoinitiator concentration (0.5 wt.%) (Figure 2B and C) .
These results, together with the fact that the final values of G' were significantly higher compared to the values of G'' (Table 2) , successfully indicate complete conversion of the photoactive solution into a UV-cured covalently-crosslinked network [ 48 ] . The obtained gelation kinetics curves are comparable to the ones described by thiol-ene collagenpoly(ethylene glycol) mixtures [35] , whereby gel points were recorded within ~7 s of UV activation. This observation is interesting given that the orthogonality and oxygen-insensitivity of the UV-induced thiol-ene, with respect to the free-radical, crosslinking reaction, should be corelated with decreased gelation times [49] . Overall, sample MA25 was found to generate networks with the highest loss and storage modulus (G'= 618±87-18897±4793 Pa) and fastest gelation kinetics (~ 6 s), followed by samples 4VBC25 (G'= 73±22-390±99 Pa) and MA0.3 (G'= 17±3-85±1 Pa). In contrast, only a marginal increase of G' was observed following UV activation of the control atelocollagen solution, likely due to the much lower radical-induced crosslinking of amino acidic residues [50] with respect to the complete UV-induced network formation achieved with functionalised atelocollagen precursors. This result therefore demonstrates the importance of selected functionalisation routes in ensuring the synthesis of full covalent networks and provides additional evidence of the covalent coupling of selected monomers to atelocollagen. Other than the variation in elastic modulus, the viscosity of respective network-forming AC solutions was also recorded, whereby the sample MA25 proved to generate highly viscous solutions in all solutions investigated (= 920±100-1400±190 mPa·s). The variations observed in loss and storage modulus and gelation kinetics support the trends in degree of functionalisation recorded at the molecular scale of the atelocollagen precursors, whereby sample MA25 exhibited the highest molar content of photoactive residues with respect to the other two samples. Given that the covalently-coupled photoactive adducts mediate the UV-induced free-radical crosslinking reaction, the increased storage and loss moduli as well as decreased gelation time measured in these samples therefore provide indirect confirmation that changes in the degree of AC functionalisation directly impact on the crosslink density, gelation kinetics and elastic properties of resulting UV-cured networks. The increased solution viscosity recorded with MA25 also correlates with respective degree of
methacrylation, due to the increased molar content and molecular weight of derivatised lysine terminations.
Together with the effect of varied degrees of functionalisation, equimolar functionalisation of AC with distinct photoactive adducts, i.e. either methacrylamide or 4-vinylbenzyl residues, was also found to play a detectable effect on the macroscopic properties of resulting UV-cured hydrogels ( Table 2) The significant difference in storage and loss modulus measured in UV-cured aromatised atelocollagen networks with respect to equivalent methacrylated variants gives evidence of the major role played by the monomer covalently-coupled to, and resulting photocrosslinked segment between, AC molecules. Aromatic interactions have been exploited for the formation of physically-crosslinked self-assembled peptides [51] , and for the controlled delivery of hydrophobic drugs [52] . The above-mentioned increased viscosity, storage modulus and loss modulus measured on 4VBC-functionalised atelocollagen solutions and corresponding UVcured networks can mostly be attributed to - stacking interaction capability and increased molecular rigidity of aromatic 4VBC moieties and consequent UV-cured aromatised segment, respectively. Other than that, the decreased gelation time recorded in solutions of sample 4VBC25 with respect to solutions of sample MA0.3 seems to correlate with the increased segment length of the 4-vinylbenzyl, with respect to methacrylamide, moiety (Figure 1 A) , so that crosslinking-hindering steric effects are less likely in the former compared to the latter system. Rather than the typical variation of the molar content of photoactive groups, these results therefore demonstrate the possibility of adjusting the mechanical properties of atelocollagen hydrogels by simply varying the type of monomer covalently-coupled to the AC backbone.
Other than the degree and type of functionalisation, the effect of the UV-curing aqueous solution was also explored as an additional parameter to control material behaviour ( Figure 3 , Table 2 mPa·s) compared to acetic acid (1820±80 mPa·s) solutions (Table 2) , whilst an opposite trend was observed in acidic solutions prepared with samples MA0.3 and MA25.
The solution-induced effect observed in AC products functionalised with equivalent molar content of methacrylamide and 4-vinylbenzyl chloride is in agreement with the results reported by Ratanavaraporn et al. [53] , whereby increased solution viscosity and hydrogel compressive modulus were measured when native type I collagen was dissolved in aqueous solutions of decreased acidity. It is well known that the molecular organisation of native collagen molecules can be altered depending on environmental factors, such as pH, ionic strength and salt concentration, given their effect on the ionisation of amino acidic terminations and consequent secondary interactions [17, 21, 22, 30] . The above-mentioned variations in network elastic properties suggest that a similar effect can still be observed in the case of functionalised atelocollagen with decreased F. Whilst fibrillogenesis was not expected during network formation (T< 37 ºC), the electrostatic repulsion of native atelocollagen molecules is expected to be increased in solutions of increased acidity [53, 54] . Obviously, the degree and type of monomer adds further complexity to the solution-induced variability of protein organisation,
given that the atelocollagen functionalisation is achieved by the consumption of ionisable lysine terminations and that selected covalently-coupled adducts can mediate further secondary interactions, i.e. - stacking interactions and hydrogen bonds. The opposite pH-induced variation in solution viscosity measured with samples 4VBC25, on the one hand, and MA0.3 and MA25, on the other hand, reflects these considerations, given that aromatic interactions between 4-vinylbenzyl moieties are likely to be decreased at increased pH, whilst an opposite trend is expected with regards to the hydrogen bonding capability of methacrylamide residues. Whilst a solution pH-induced effect was clearly observed in hydrochloric and acetic acid solutions, the presence of salts in the PBS-based UV-curing system was likely to alter the capability of covalently-coupled moieties to mediate secondary interactions, explaining why no direct relationships between solution pH, on the one hand, and solution viscosity and hydrogel properties, on the other hand, could be observed.
Swelling, gel content and compression properties
Following the characterisation of functionalised AC precursors and gelation kinetics, the gel content (G), swelling ratio (SR) and compressive properties were quantified to further elucidate the molecular architecture and assess the structure-property relationships of obtained UV-cured atelocollagen networks. (Table 1) , these solution-induced variations in gel content seem to correlate with the above-mentioned results in UV-curing solution viscosity (Table 2) , whereby an increase of solution pH from 2.1 (in 10 mM HCl) to 3.4 (in 17.4 mM AcOH) proved to generate hydrogels 4VBC25* with increased storage modulus ( Table 2 ). An increase in solution viscosity is likely to be associated with an increased vicinity between atelocollagen molecules and respective crosslink-forming photoactive residues, so that increased chances of free-radical crosslinking reaction and minimised steric hindrance effects can be expected. Similar effects were also reported with collagen hydrogels prepared from solutions with decreased viscosity, whereby decreased mechanical properties and increased pore size was observed [53] .
Previously-discussed results in gel content proved to support the trends in swelling ratio ( Figure 5 ), whereby UV-cured networks described an inverse relationship between G and SR.
For example, samples 4VBC25(H)* (SR= 3769±111 wt.%) and MA0.3(H)* (SR= 5202±401
wt.%) displayed the highest swelling ratio, confirming the higher water uptake capability of these materials with respect to sample variants prepared in AcOH solutions, reflecting above-discussed gel content trends. Among the methacrylated groups, networks MA25* displayed the lowest value of SR (Table   1 , Figure 5 ). Samples MA25* UV-cured in both AcOH and HCl solutions proved to display significantly decreased SR with respect to the ones of respective sample MA0.3*, in line with previous gel content data. On the other hand, an opposite trend was observed in networks synthesised in PBS, whereby sample MA25(P)* displayed higher SR with respect to sample MA0.3(P)*, despite the comparable gel content between the two samples ( Figure 4 ) and the significantly higher degree of functionalisation displayed by the former compared to the latter network precursor. Given that the swelling ratio was determined in PBS, the reason for this finding is likely explained by the fact that the increased molar content of methacrylamide moieties covalently-coupled to sample MA25 results in additional secondary interactions of the resulting network with PBS species, in line with the viscosity trends measured with the hydrogel-forming solutions (Table 2) .
Overall, the water uptake capability of these atelocollagen networks was found to be comparable to the one of purely synthetic UV-cured PEG-based hydrogels [55] and may be exploited for the design of multifunctional wound healing devices with enhanced exudate regulation capability [8, 38] . The possibility to adjust the swelling properties of this atelocollagen system by simply varying the UV-curing solution rather than by the synthesis of new photoactive precursors is appealing aiming to expand material applicability yet minimising additional time-consuming reactions.
Following characterisation of the swelling properties, the compressive properties of resulting UV-cured hydrogels were investigated. Typical stress-compression curves are reported in Figure 6 , depending on the network architecture and type of UV-curing solvent employed. All samples revealed a J-shaped curve during compression, similarly to the case of previously-reported collagen hydrogels [30] . Networks MA25* proved to display lower values of compression at break compared to both networks 4VBC25* and MA0.3* (Figure 7 When comparing systems with varied degree of functionalisation, samples MA25* proved to display significantly increased compressive modulus with respect to samples MA0.3* (and 4VBC25*), confirming the previous trends in storage modulus ( Table 2 ). The effect of the solvent in samples MA25* proved to be less obvious, as indicated by the variation of gel content and swelling ratio. On the one hand, the significant increase in molar content of methacrylamide residues is likely to generate UV-cured networks with increased crosslink density. On the other hand, significant atelocollagen methacrylation is expected to alter the protein capability to mediate secondary interactions, potentially resulting in altered structurefunction relationships. Therefore, rather than aiming at increased degree of methacrylation, these results suggest that the introduction of a limited amount of stiff 4-vinylbenzyl moieties is preferable in order to achieve defined mechanically-competent atelocollagen hydrogels.
Enzymatic degradability
A degradation study was carried out in enzymatic conditions in order to investigate how variations in network architecture were linked to the temporal stability of the hydrogel in nearphysiologic conditions. Atelocollagen networks UV-cured in HCl solutions were selected for this investigation, due to the significant differences observed between samples 4VBC25(H)* and MA0.3(H)*. Figure 8 describes the relative mass results recorded following 4-day network incubation in an aqueous medium containing collagenase. As expected, samples of native atelocollagen revealed the highest enzymatic degradation with less than 10 wt.% remaining mass, followed by networks MA0.3H* (rel= 18±5 wt.%) and 4VBC25H* (rel= 56±5 wt.%), whilst the highest proteolytic stability was displayed by sample MA25H* (rel = 95±1 wt.%). Chemical crosslinking of collagen has been described as a promising strategy to increase the enzymatic stability of collagen, since the covalent crosslinks between protein molecules are insensitive to collagenases and affect the availability of tripe helical segments recognisable by enzymes [14, 23, 26, 28, 32, 38] . Therefore, aforementioned degradation data successfully support the effect played by the network architecture on the enzymatic stability of the hydrogel, both in terms of type of covalently-coupled monomer as well as consequent degree of atelocollagen functionalisation. Samples MA25(H)* displayed the highest enzymatic stability given the high degree of functionalisation and gel content measured in network precursor and resulting crosslinked network, respectively. Other than that, controlled enzymatic degradation can still be achieved by simply varying the type of monomer introduced, i.e. 4-vinylbenzyl with respect to methacrylamide residue, whilst keeping the degree of functionalisation constant, in resulting photoactive precursors. The introduction of 4VBC moieties is likely to mediate secondary interactions with the exposed zinc site of active collagenases [38] , so that consequent proteolytic inactivation explains the prolonged stability of sample 4VBC(H)* with respect to the equivalent variant MA0.3(H)*.
Similarly to the case of linear biopolymers [31] , the manipulation of the atelocollagen network architecture is therefore proven to generate customisable hydrogels, whose degradation profiles can be combined with specific mechanical and swelling properties, depending on specific environmental (e.g. pH) and molecular parameters selected during UVcuring.
Cytotoxicity evaluation
Following evaluation of the enzymatic degradability, the cellular tolerability of freshlysynthesised networks 4VBC25(A)* and MA0.3(A)* was exemplarily evaluated by culturing osteosarcoma G292 in direct contact with the hydrated material. Cellular metabolism was measured by Alamar blue assay at day 1, 4 and 7 ( Figure 9 ). Over the period of 7 days, G292 cells seeded on TCPs displayed significantly increased proliferation at all time points investigated. Between the group of 4VBC25(A)* and MA0.3(A)*, no significant differences was found at day 1; however, the proliferation rate of cells cultured on hydrogel 4VBC25(A)* was much higher than the one of cells cultured on hydrogel MA0.3(A)* at both day 4 and day 7. The dramatic turnover of cells on sample MA0.3(A)* was mainly due to the shrinkage of the hydrogel microstructure observed already following 1-day cell culture, in line with the fast enzymatic sample degradability measured following 4-day incubation in collagenase medium (Figure 8 ). Unsurprisingly, TCPs showed the highest rate of proliferation compared to 4VBC25(A)*; this observation is mainly due to the fact that the porous 3D structure of the 4VBC25(A)* hydrogel network induced low cell seeding efficiency and cellular penetration in comparison to 2D surfaces [56] .
We also confirmed the cytotoxicity of the hydrogels via Live/Dead staining of G292 cells following 7-day culture ( Figure 10, A and B) . Almost no dead cell was found in hydrogel 4VBC(25)A*, indicating cellular tolerability in agreement with previously-discussed metabolic activity data. Besides Live/Dead staining, cool-stage SEM was also carried out on 7-day cultured hydrogel 4VBC25(A)*, as reported in Figure 10 (C and D), whereby full cellular attachment and complete surface cell coverage were observed, supporting previous findings.
When the same SEM investigations were carried out on 7-day cultured hydrogel MA0.3(A)*, no cell attachment was observed ( Figure S3 , Supp. Inf.), in line with Alamar blue results ( Figure 9 ) and the fast enzymatic sample degradability ( Figure 8 ). Overall, these results prove that selected functionalisation and network formation strategies did not affect atelocollagen biocompatibility, whilst proved successful in enabling systematic customisation of the pristine building block.
Conclusion
The introduction of either 4-vinylbenzyl or methacrylamide adducts onto type I atelocollagen proved successful to enable the synthesis of customisable UV-cured hydrogel proved to generate networks with increased compression and storage modulus, as well as decreased swelling ratio, whilst no toxic cellular response was observed. These findings demonstrate the monomer-induced customisability of presented UV-cured atelocollagen hydrogel networks, whereby structure-property relationships can be controlled to enable applicability in personalised medicine and to fulfil the requirements of complex and unmet clinical needs.
Conflict of interests
The authors declare that there are no conflicts of interests. 
